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ABSTRACT
We identify six ultra-diffuse galaxies (UDGs) outside clusters in three nearby isolated
groups (0.014 < z < 0.026) using very deep imaging in three different Sloan Digital Sky
Survey filters (g, r and i bands) from the IAC Stripe82 Legacy Project. By comparing with
the abundance of UDGs in rich galaxy clusters, we find that the density of UDGs (i.e. their
number per unit mass of the host structure where they are located) decreases towards the most
massive systems. This is compatible with a scenario where UDGs are formed preferentially
outside clusters. In the periphery (D > 250 kpc) of our three groups, we identify a population
of potential UDG progenitors (two of them confirmed spectroscopically). These progenitors
have similar masses, shapes and sizes but are bluer, g − i ∼ 0.45 (and for this reason brighter,
µg(0) < 24 mag arcsec−2) than traditional UDGs (g − i ∼ 0.76). Passive evolution of these
progenitors will transform them into regular (i.e. µg(0) > 24 mag arcsec−2) UDGs after ∼6
Gyr. If confirmed, our observations support a scenario where UDGs are old, extended, low
surface brightness dwarf galaxies (M? ∼ 108 M) born in the field, are later processed in
groups and, ultimately, infall into galaxy clusters by group accretion.
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1 INTRODUCTION
In the last few years, there has been renewed interest in the study
of extended and low surface brightness galaxies (Impey et al. 1988;
Bothun et al. 1991; Dalcanton et al. 1997). Galaxies with µg(0) >
24 mag arcsec−2 and Re > 1.5 kpc1 have been coined ultra-diffuse
galaxies (UDGs) by van Dokkum et al. (2015). These objects have
typical stellar masses around 108 M and relatively red colours
(g−i ∼ 0.8). There has been an intense debate about the ultimate na-
ture of these galaxies. For instance, van Dokkum et al. (2015, 2016)
suggest the intriguing hypothesis that these galaxies could be failed
Milky Way-like objects (L?). On the other hand, using their pop-
ulation of globular clusters, Beasley & Trujillo (2016) support the
idea that these are failed Large Magellanic Cloud-like galaxies (see
also, Peng & Lim 2016). Both theoretically and observationally,
there is an increasing agreement towards the idea that the vast ma-
jority of UDGs are dwarf galaxies (Yozin & Bekki 2015; Beasley
? E-mail:jroman@iac.es
1 It is worth stressing that there is no particular physical motivation behind
this observational definition. An effective radius of 1.5 kpc corresponds to
∼3.2 arcsec at the distance of the Coma galaxy cluster. This angular size is
roughly the pixel size (2.8 arcsec) of the Dragonfly lens array (the telescope
used to define this galaxy population; van Dokkum et al. 2015).
et al. 2016; Beasley & Trujillo 2016; Amorisco & Loeb 2016; Di
Cintio et al. 2017; Amorisco et al. 2016).
The extremely low surface brightness of these galaxies makes
it almost impossible to measure their distance using spectroscopic
redshifts (exceptions being DF44 & VCC1287). For this reason,
these galaxies have been explored in galaxy clusters, where the dis-
tance to the UDGs is inferred by their proximity to the massive
structure (e.g. Koda et al. 2015; Mihos et al. 2015; Mun˜oz et al.
2015; van der Burg et al. 2016). This selection effect towards galaxy
clusters could affect our understanding of the nature of these galax-
ies. In fact, not all the known UDGs are in galaxy clusters, as some
have been found outside these structures. At least two UDGs are
confirmed spectroscopically (Martı´nez-Delgado et al. 2016; Tru-
jillo et al. 2017), and a large number of candidates are shown in
Roma´n & Trujillo (2017). These last authors, exploring a wide area
of 8 × 8 Mpc around the galaxy cluster Abell 168, find UDGs both
in the cluster and in the large-scale structure surrounding this mas-
sive object. Having established the existence of UDGs both inside
and outside clusters, the question that arises is whether these ob-
jects are formed outside the clusters and are later aggregated to
them through the infall of galaxy groups. Answering this ques-
tion could give us important hints on the formation mechanisms
of UDGs. In this paper we explore this scenario.
To achieve our goal, we have probed the presence of UDGs in
c© 2016 The Authors
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a number of well known galaxy groups in the deep Stripe 82 sur-
vey Jiang et al. (2008); Abazajian et al. (2009). We benefit from the
careful reduction of this dataset (the IAC Stripe 82 Legacy Sur-
vey) performed by Fliri & Trujillo (2016). Among the different
groups available in the IAC Stripe82 Legacy Survey, we selected
Hickson Compact Groups (HCGs) (Hickson 1982). These are es-
pecially useful for our analysis as they are isolated groups by defi-
nition. Consequently, the spatial association of UDGs presented in
the field of view with these objects is more straightforward.
This paper is structured as follows. In Section 2, we present
the data set and in Section 3, we explain the criteria for selecting
UDGs. Section 4 describes how UDGs can be grouped into two
differentiated samples according to their colour characteristics and
stellar population properties. In Section 5, we present an evolution-
ary scenario linking the properties of the blue and red populations
of UDGs. Section 6 shows how the abundance of UDGs is tightly
correlated with the halo mass of the structure where they are em-
bedded. Finally, we discuss our results in Section 7. We adopt the
following cosmology (Ωm = 0.3, ΩΛ = 0.7 and H0 = 70 km s−1
Mpc−1). We use the AB-magnitude system in this work.
2 DATA
The images used in this work are based on the IAC Stripe 82 Legacy
Survey (Fliri & Trujillo 2016)2. This survey consists of new deep
coadds of the Sloan Digital Sky Survey (SDSS) Stripe82 data, care-
fully stacked to preserve the faintest surface brightness structures.
The pixel scale of these images is the same as regular SDSS data,
i.e. 0.396 arcsec. The average seeing of our dataset is around 1 arc-
sec. In this work, we use the rectified images of the survey. In these
images, the residuals of the stacking process have been removed
and the sky level has been measured with high precision. This pro-
duces high-quality and homogenized deep images. The mean limit-
ing surface brightness of our data set (3σ; 10×10 arcsec boxes) are
29.1, 28.6 and 28.1 mag arcsec−2 for the g, r and i bands, respec-
tively. This is ∼1.2 mag deeper than the Dragonfly images used to
explore UDGs (van Dokkum et al. 2015) and a similar depth like in
Koda et al. (2015).
Galaxy groups are gravitationally bound structures with typ-
ical values of M200 ∼ 1013 M and R200 ∼ 500 kpc. The groups
we explore here are: HCG07 (RA = 9.816, Dec. = +0.888, z =
0.0141), HCG25 (RA = 50.182, Dec. = -1.052, z = 0.0212) and
HCG98 (RA = 358.55, Dec. = +0.37, z = 0.0266). HCGs are de-
fined based on the number of bright galaxy members (>4) within
some specific magnitude range. Together with the number of bright
galaxies, HCGs are also defined based on criteria of isolation and
compactness, which make them dense galactic associations. These
structures can be as dense as the centre of rich clusters, but with
modest velocity dispersions. They are expected to be dynamically
dominated by dark matter (Hickson et al. 1992; Pompei & Iovino
2012). X-ray emission (Ponman et al. 1996) and intra-group dif-
fuse light (e.g. Nishiura et al. 2000; White et al. 2003; Da Rocha &
Mendes de Oliveira 2005; Da Rocha et al. 2008; Hess et al. 2017)
have been detected in these objects, confirming their spatial asso-
ciation and intense dynamic activity. We assume a spatial scale of
0.288 kpc arcsec−1 for HCG07, 0.429 kpc arcsec−1 for HCG25 and
0.535 kpc arcsec−1 for HCG98.
To explore our groups, we have created wide-field imaging
2 http://www.iac.es/proyecto/stripe82/
mosaics using the software SWarp (Bertin et al. 2002). This allow
us to combine different images from the IAC Stripe 82 project and
increase the search area. For the HCG07 group, we explored the
area 9.5◦< RA < 10.5◦and 0.25◦< Dec. < 1.25◦equivalent to 1.04
× 1.04 Mpc at the group distance. For HCG25, the area probed was
49.5◦< RA < 50.5◦and -1.25◦< Dec. < -0.75◦, i.e. 1.54 × 0.77 Mpc
(in this case the area is limited in declination by the spatial coverage
of the Stripe 82 survey). Finally, for HCG98, the area used is 358◦<
RA < 359◦and -0.25◦< Dec. < 0.75◦equivalent to 1.93 × 1.93 Mpc.
3 IDENTIFICATION OF ULTRA-DIFFUSE GALAXIES
A first list of galaxy candidates in our mosaics was done using SEx-
tractor (Bertin & Arnouts 1996). We require all our sources to be
detected simultaneously in the g, r and i bands. To remove as much
as possible the contamination from point sources, all our targets
have a stellarity factor below 0.2 and a minimum area of 15 pixels
(∼2.35 arcsec2). In addition, we require that the selected sources
satisfy the following colour cuts: g − r < 1.4 and g − i < 1.8. These
colour criteria remove a large number of targets that have colours
not representative of nearby populations (i.e. background contami-
nation). After applying these restrictions, we reduce our initial sam-
ple to ∼15000 galaxies deg−2.
All the sources in the previous sample were fitted using a sin-
gle Se´rsic model (Sersic 1968). The fitting code used was IMFIT
(Erwin 2015). The Se´rsic models were convolved with the point
spread function (PSF) of the image. The IAC Stripe 82 Legacy Sur-
vey provides a PSF representative of the local conditions of the im-
age. Each piece of the Stripe 82 IAC survey (0.5◦× 0.5◦) has its own
PSF. As input parameters for IMFIT, we use the spatial coordinates
of the source, the position angle and the effective radius retrieved
from the previous SExtractor run. In addition, we mask the closest
sources to the target under study.
To avoid missing potential UDGs sources, we conduct the fol-
lowing sanity checks on the outputs of our model fitting. Any time
that IMFIT produces structural parameters representative of a bad
fit (like Se´rsic index close to 0 or very large Re) or where the mag-
nitude of the model is different from the magnitude obtained from
SExtractor by more than 1 mag, then we restart the IMFIT model-
ing again with a different random input seed and slightly different
masking configurations. This process is repeated until a robust so-
lution is reached. The structural parameters obtained from the IM-
FIT Se´rsic fit are position angle, ellipticity, Se´rsic index n, effective
radius (along the semi-major axis) Re and the global magnitude in
each band.
Once the structural parameters of all galaxies in our data are
determined, we select those with Re > 1.3 kpc (in the g band) and
observed µg(0) > 23.5 mag arcsec−2. This provides around 40 UDG
candidates. However, an important fraction of these sources are ar-
tifacts produced by misidentification of objects in the neighbour-
hood of bright stars or galaxies. Therefore, we visually explore all
the UDG candidates and we reject all the false positives. After this
visual inspection, we end up with a final sample of 11 UDGs. Addi-
tionally, for this clean sample, we double check their structural pa-
rameters by masking, if necessary, any close or overlapping source
to the target that were not masked in the automatic masking pro-
cess. As a last step, we obtain the extinction values for each galaxy
from (Schlafly & Finkbeiner 2011) using their spatial coordinates
and we correct their magnitudes.
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Figure 1. UDGs discovered around the Hickson compact groups HCG07 (upper panel), HCG25 (lower left panel) and HCG98 (lower right panel). The sizes
of these images (which are a portion of our original mosaics) are: HCG07 (31.65 × 19.64 arcmin), HCG25 (13.91 × 13.20 arcmin) and HCG98 (17.66 × 13.20
arcmin). The inset boxes (50×50 arcsec) are a zoom-in to the individual UDGs. UDG-B5 and UDG-B3 are outside the field of view shown in this figure.
Note that the final sample of UDGs is located at near projected
distances from the host groups, and we are exploring wider areas.
These HCGs are isolated structures both in redshift and spatially,
consequently, the proximity of the UDGs to these groups shows
that any possible contamination by interlopers, if present, must be
very low.
4 TWO TYPES OF ULTRA-DIFFUSE GALAXIES: BLUE
AND RED POPULATIONS
The analysis of the population of extended low surface brightness
galaxies in the neighbourhood of our groups shows two types of
objects. On the one hand, we find a subset of six galaxies (three
in HCG07, one in HCG25 and two in HCG98) with structural and
colour properties like those UDGs reported previously in the liter-
ature, i.e. Re > 1.4 kpc, µg(0) > 24.1 mag arcsec−2, mean Se´rsic
MNRAS 000, 1–?? (2016)
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Table 1. UDGs sorted by increasing g − i colour. All magnitudes and derived parameters are corrected from Galactic extinction.
ID RA (◦) Dec. (◦) Re µg(0) n b/a g − i Mg M∗,g−i D
(J2000) (J2000) [kpc] [mag arcsec−2] [mag] [mag] [108 M] [kpc]
UDG-B1 50.088 -1.170 3.7 ± 0.4 24.0+0.4−0.5 0.61 ± 0.15 0.46 ± 0.06 0.27 ± 0.05 -17.01 2.2+0.3−0.3 234
UDG-B2 9.599 +1.106 2.0 ± 0.2 24.0+0.5−0.6 0.87 ± 0.22 0.50 ± 0.07 0.41 ± 0.05 -15.23 0.6+0.1−0.1 319
UDG-B3 49.960 -0.855 3.2 ± 0.3 23.3+0.6−0.7 1.02 ± 0.25 0.86 ± 0.12 0.50 ± 0.05 -16.70 3.4+0.5−0.4 458
UDG-B4 9.889 +1.115 1.7 ± 0.2 23.8+0.6−0.7 1.00 ± 0.25 0.60 ± 0.09 0.53 ± 0.05 -14.95 0.7+0.1−0.1 247
UDG-B5 9.969 +0.383 3.1 ± 0.3 23.9+0.6−0.6 0.96 ± 0.24 0.75 ± 0.11 0.55 ± 0.05 -16.10 2.2+0.3−0.3 547
UDG-R1 9.974 +0.808 1.4 ± 0.1 26.1+0.5−0.6 0.79 ± 0.20 0.64 ± 0.09 0.63 ± 0.15 -12.46 0.1+0.1−0.1 183
UDG-R2 50.196 -1.014 1.8 ± 0.2 25.9+0.5−0.5 0.77 ± 0.19 0.73 ± 0.10 0.66 ± 0.15 -13.31 0.2+0.1−0.1 62
UDG-R3 9.910 +0.985 1.5 ± 0.1 25.0+0.6−0.6 0.92 ± 0.23 0.90 ± 0.13 0.74 ± 0.15 -13.41 0.4+0.2−0.1 140
UDG-R4 9.769 +1.099 1.8 ± 0.2 25.4+0.6−0.7 0.98 ± 0.24 0.63 ± 0.09 0.78 ± 0.15 -13.36 0.4+0.2−0.1 224
UDG-R5 358.616 +0.322 2.1 ± 0.2 25.3+0.5−0.6 0.81 ± 0.20 0.59 ± 0.08 0.85 ± 0.15 -14.21 1.1+0.5−0.3 157
UDG-R6 358.497 +0.454 1.8 ± 0.2 24.1+0.6−0.6 0.93 ± 0.23 0.73 ± 0.10 0.87 ± 0.15 -14.92 2.0+1.0−0.6 192
Figure 2. Available spectroscopic data from the SDSS survey of the UDGs in this work. The redshifts with a question mark have insufficient signal-to-noise
ratio for a robust match, and indicate the most likely redshift. The UDG-B5 redshift remains doubtful.
index n = 0.86 ± 0.04 and mean colour g − i = 0.75 ± 0.04. These
galaxies are at a mean projected distance of D ≈ 160 kpc, i.e.
quite close to the group centres. On the other hand, there is a num-
ber (three in HCG07 and two in HCG25) of extended low surface
brightness galaxies in our field of view that are significantly bluer
than the previous population. They have 0.27 < g − i < 0.55 and
structural parameters Re & 1.7 kpc and 23.3 < µg(0) < 24.0 mag
arcsec−2. These objects are located at projected radial distances sig-
nificantly further away than the redder sample: D ≈ 360 kpc. Im-
portantly, three of the five blue UDGs (UDG-B1, UDG-B3, and
UDG-B5) have spectroscopic data from SDSS (see Fig. 2), two of
which have robust redshifts confirming their association with the
group structure. The properties of these 11 galaxies are shown in
Table 1 and their morphological appearance can be observed in Fig
1. We name these galaxies according to their g − i colour as UDG-
R (red ones; g − i > 0.6) and UDG-B (blue ones; g − i < 0.6).
The relation between the structural properties of the UDGs and the
projected distance to the group centre is shown in Fig. 3. These
results are like those found in Roma´n & Trujillo (2017), with a de-
crease in stellar mass, the Se´rsic index and the effective radius of
MNRAS 000, 1–?? (2016)
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Figure 3. Structural and stellar mass properties of the UDGs presented in
this work. The blue stars represent the population of blue UDGs (g−i < 0.6)
and the red dots the red UDGs (g − i > 0.6). Red UDGs are predominantly
located at a projected distance less 200 kpc from the group central regions.
the UDGs towards the centre of the group. The morphologies of
the blue UDGs are quite irregular, with some of them showing blue
clumps of apparently intense star formation. Despite their irregular
morphologies, the average Se´rsic index of the blue UDGs is quite
similar to the red population, i.e. n ∼ 0.9.
4.1 Stellar population properties of the ultra-diffuse galaxies
The very low surface brightness of the UDGs makes studying
their stellar population properties using spectroscopy with present-
day instrumentation extremely challenging. Some of our bright-
est galaxies have a spectra provided by the SDSS. However, their
signal-to-noise ratio is insufficient to get reliable information about
their stellar population properties. There is one exception, for the
UDG-B1 galaxy, in which the SDSS pipeline took a spectrum of
one of its bright blue clumps located at the spatial position (RA =
50.088, Dec. = -1.172). According to that spectrum, this region of
the galaxy has a low metallicity and extremely young age (< 0.1
Gyr). Due to the colour characteristics of this clump (significantly
much bluer than the rest of the object), we consider that these stel-
lar population properties are not representative of the whole galaxy.
For the above reasons, we need to address the problem of the stellar
population properties of the UDGs using integrated deep photom-
etry. In this paper, we use the g, r and i bands for this. Some of
our galaxies, especially the bluer ones, are detected in the u band
as well. However, we restrict ourselves to only those SDSS filters
where all the galaxies in the sample have been detected.
To have a rough estimation of the stellar masses of our galax-
ies, we use the method provided by Roediger & Courteau (2015)
(assuming a Chabrier initial mass function). In particular, we use
the g − i colour and the absolute magnitude in the r band. The stel-
lar masses are provided in Table 1. The mean stellar mass of the
blue UDGs is ∼1.8 × 108 M, whereas the red ones are a factor
of ∼2 less massive: ∼0.9 × 108 M. As a further test, we have re-
estimated the stellar masses of our UDGs using the stellar popula-
tion predictions provided by (Vazdekis et al. 2015) using a universal
Kroupa IMF (Kroupa 2001). We use the g − r and r − i colour map
as proxy for estimating the best age and metallicities describing the
observed colours. We follow a similar approach as the one used in
Montes & Trujillo (2014). The outcome of this exercise is given in
Fig. 4. Using this new method, the mean stellar mass of the blue
UDGs is ∼1.2 × 108 M, whereas the red UDGs have a mean stel-
lar mass of ∼0.6 × 108 M. Both approaches provide similar stellar
masses for the two populations. The clumpy appearance of the blue
UDGs suggests that the colours (and consequently, the stellar popu-
lation properties) of these galaxies can be heavily affected by these
knots of intense star formation. In this sense, it is worth exploring
whether the stellar masses of the blue UDGs would change on us-
ing the colours of the central part (R < 4 arcsec)3 of these objects,
where the star formation is less prominent. Using these colours we
estimate the (M/L)i and together with the absolute magnitude of
the galaxies in the i band (to minimize the contribution of the star
forming regions) we derive again the stellar masses of the blue pop-
ulation. We obtain a mean stellar mass for the blue UDGs of ∼1.4 ×
108 M, in good agreement with all the previous different methods.
Once the stellar masses of our UDGs were estimated, we fo-
cussed our attention on the ages and metallicities of the two popula-
tions of UDGs. Having only two colours, the expected degeneracy
between the age and the metallicity is very high. This is, in fact,
what we see in Fig. 4. The red UDGs show mean colours of g− r =
0.55 ± 0.04 and g − i = 0.75 ± 0.04 (r − i = 0.20 ± 0.04), compat-
ible with a metallicity in the range -2 < [Fe/H] < -1 and t(Gyr) >
2 Gyr, although the possibility that red UDGs have a younger pop-
ulation 1 < t(Gyr) < 2 Gyr with a solar metallicity is, however, not
rejected. These metallicities and age ranges are in agreement with
previous works. For instance, van Dokkum et al. (2015) find g− i =
0.8, suggesting a stellar population with 7 Gyr and [Fe/H] = -1.4
or 4 Gyr and [Fe/H] = -0.8. Other authors, like van der Burg et al.
(2016) find g − r = 0.6 populations with an age of 2 Gyr assuming
solar metallicity or 6 Gyr with [Fe/H] = -0.7. Note that the gap
present around 1.2 Gyr in the age-metallicity map corresponds to
the transition from the light contribution of AGB to RGB stars (see
e.g. Bertelli et al. 1994).
Finally, the sample of blue UDGs present the following mean
colours: g − r = 0.30 ± 0.03 and r − i = 0.15 ± 0.03. These bluer
colours imply that t(Gyr) < 1 Gyr (see Fig. 4). However, we can
say little about their metallicities. If we focus our attention to the
core of the blue UDGs, their redder colours g− r = 0.34 ± 0.04 and
r− i = 0.17 ± 0.02 are suggestive of a slightly older population with
1 . t(Gyr) . 2 Gyr.
5 AN EVOLUTIONARY SCENARIO
In this section, we explore the following evolutionary scenario: red
UDGs are the result of the group environmental processing of the
blue UDGs located in the outskirts. In other words, blue UDGs
eventually infall into the group centre where their gas is removed
3 Using a R < 4 arcsec aperture, we get to select the core regions for all
galaxies avoiding blue knots.
MNRAS 000, 1–?? (2016)
6 Javier Roma´n & Ignacio Trujillo
Figure 4. Age and metallicity distribution of our sample of UDGs. The different colour regions correspond to the 1σ, 2σ and 3σ confidence intervals.
Figure 5. An evolutionary scenario between blue and red UDGs. Left column: colour-colour map for the UDGs in this work. The upper panel shows the
location of the blue UDGs (blue stars) and red UDGs (red dots). Overplotted are the stellar population tracks from the Vazdekis et al. (2015) models. We
also show the location of the UDGs from the work by Roma´n & Trujillo (2017) and Beasley et al. (2016). The ticks on the stellar population tracks represent
the ages (from left to right): 0.5, 1.0, 2.0, 3.2, 5.0, 7.0, 10.0, 12.5 and 15 Gyr. The lower panel shows the location of the blue UDGs after 6 Gyr of passive
evolution. Right column: The upper panel shows the observed surface brightness profiles in the g band of the blue and red UDGs. The bottom panel shows
the expected location of the surface brightness profiles of the blue galaxies after 6 Gyr of passive evolution (there has been no attempt to model any mass or
size evolution).
by ram pressure or tidal stripping and they become red UDGs with
time. In this process, their stellar population gets redder and older
but their metallicity should not change. During this process, it is
likely that the UDGs lose part of their stellar mass (decreasing
their effective radius) and become more rounded. Is this evolu-
tionary scenario compatible with our observations? To start with,
blue UDGs are, in fact, systematically located in the outskirts of
the groups (see Fig. 3). In that sense, the star formation activity of
the UDGs seems to be strongly related with the location of these
galaxies within the dark matter halo of the group. Moreover, the
sizes and stellar masses of the red UDGs are smaller than the blue
UDGs. The red UDGs are also roundish.
We can try to quantify more the above evolutionary scenario
more by comparing the stellar population properties of blue and
MNRAS 000, 1–?? (2016)
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red UDGs with the expected theoretical transformation for dwarf
galaxies within group environments. Yozin & Bekki (2015) stud-
ied the environmental processing of dwarf galaxies infalling into
groups (1013 M). According to these authors, the dwarf galaxies
become gas poor after 6 Gyr of the first infall. Note, however, that
these simulations are for dwarf galaxies that are more massive (109
M) than our blue UDGs (108 M). Having said that, it is reason-
able then to explore whether a passive evolution of our blue UDGs
will lead to properties that resemble those of our red UDGs.
We conduct such an exercise in Fig. 5. In this figure (upper
left panel) we show the location of our UDGs (red and blue) in the
colour-colour map g − r versus r − i. Overplotted on the galaxies
are the tracks (for different metallicities) of the time evolution of
passively evolving stellar populations from Vazdekis et al. (2015)
models. To simplify our exercise, we calculate the passive evolution
of the colours of the blue UDGs for a fixed metallicity. We select
[Fe/H] = -1.314. Once we have selected a metallicity, it is straight-
forward to add a colour increase to the observed colours of the blue
UDGs after a given amount of time. In our case, we decided to
use 6 Gyr (although our main results are basically unchanged if the
time evolution is selected to be within 6 to 10 Gyr)5. We use 6 Gyr
motivated by the simulation of Yozin & Bekki (2015). The results
of the time evolution of the blue UDGs in the colour-colour map
are shown in the lower left panel of Fig. 5. The location on this
map of the average UDG in the Abell 168 cluster and its surround-
ing is also shown (Roma´n & Trujillo 2017). In addition, we include
also the location of the galaxy VCC1287 (Beasley et al. 2016). We
add these extra points as these are the only studies (besides this)
with a characterization of UDGs in three optical bands. The scat-
ter of the red UDGs in this colour-colour map is larger due to the
higher photometric uncertainties at measuring the colours of these
fainter objects. Note how, after 6 Gyr of passive evolution, the lo-
cation of the blue UDGs are in nice agreement with the location
of the red UDGs. It is important to stress that some of our galax-
ies (like UDG-B4) have some properties in between the red and
the blue population, reinforcing the idea that both populations are
connected.
Once the evolution in the colour-colour map of the blue UDGs
has been explored, it is worth looking at the change of the surface
brightness profiles of these objects assuming a passive evolution.
This is, of course, an oversimplification of the real scenario. In fact,
it is expected that these infalling dwarf galaxies will have some
stellar mass loss during the infall process to the group. An eventual
stellar mass loss will produce a decrease in their effective radius
(as most of the mass loss will be likely produced in the outskirts of
these objects). The right column (upper panel) in Fig. 5 shows the
observed surface brightness profiles of both blue and red UDGs.
The passive evolution of the blue UDGs is modeled in the lower
panel of the same figure. As can be seen, after 6 Gyr of passive evo-
lution all the current blue UDGs will be classified as regular UDGs
(i.e. large objects with µg(0) > 24 mag arcsec−2). As the Se´rsic in-
dex of both blue and red UDGs are very similar (n > 0.8), a passive
transformation of the blue population will resemble the red popu-
lation. However, despite the similar appearance of the evolved blue
4 A solar metallicity will also represent the colour position of the blue
UDGs but considering the low mass of our UDGs we prefer to do this task
assuming they have a low metallicity. Low mass galaxies are not expected
to have solar metallicity because of the inefficiency of their star formation
(e.g. Vazdekis et al. 1996).
5 Every Gyr increase produces a reddening in our colours of ∼0.01 in this
time interval.
UDGs in relation to the red UDGS, some of the evolved blue UDGs
show an excess of light in their outer regions compared to the red
population. This is as expected considering that: (i) we have not
modeled any mass loss in the profiles of the blue UDGs and (ii) the
profiles of the blue UDGs are affected by the presence of intense
star-forming regions in the outer parts. Considering that these star-
forming regions are relevant in light but not as much in mass, the
time evolution of the surface brightness profiles of the blue galaxies
in their outer regions will approximate the shape of the red popu-
lation. Summarizing, under the hypothesis that the blue UDGs will
passively evolve as the result of their infall into the group’s gravita-
tional potential, the global colour and shape properties will be close
to the red UDG population, making a scenario linking the two type
galaxies plausible.
6 THE ABUNDANCE OF UDGS AS A FUNCTION OF
THE HALOMASS
van der Burg et al. (2016) showed that there is a tight correlation
between the number of UDGs in a given cluster and the mass of
the cluster as parametrized by M200. According to that work, the
abundance of UDGs increases almost proportionally to the mass of
the cluster in which they are embedded. van der Burg et al. (2016)
studied this relation for clusters with M200 &1014M. In this work,
we want to probe where that relation also holds for less massive
gravitationally bound systems. To do this, we have compiled in Fig.
6 the number of UDGs observed in different works as a function of
their host velocity dispersion and M200. For the clusters provided
by van der Burg et al. (2016), we use their M200 and the velocity
dispersion from Sifo´n et al. (2015). For the Abell 168 cluster and
the UGC 842 group presented in Roma´n & Trujillo (2017), we use
as sources for their velocity dispersions: Yang et al. (2004) (for the
cluster) and Lopes de Oliveira et al. (2010) (for the group). For the
Coma cluster (Koda et al. 2015), the velocity dispersion was taken
from Girardi et al. (1993), whereas for the Fornax cluster (Mun˜oz
et al. 2015) the velocity dispersion is obtained from Drinkwater et
al. (2001). Finally, for the groups presented in this paper, we have
used the velocity dispersions given by Tovmassian et al. (2006).
Once we have the velocity dispersions, we follow Munari et al.
(2013) to get M200 for these structures.
Fig. 6 shows that the tight correlation between the abundance
of UDGs and the halo mass of the structures in which they are
located extend also towards lower masses than those originally ex-
plored by van der Burg et al. (2016). We have fitted our relations
assuming a power law, as was done by van der Burg et al. (2016): N
∝ σα and N ∝Mβ200. We find the following values: α = 2.43 ± 0.14
and β = 0.85 ± 0.05. In our plot of M200, the estimation of this quan-
tity comes from two different sources (Sifo´n et al. 2015; Munari et
al. 2013), however, our results remain basically the same (β = 0.87
± 0.05) if we use the methodology of Munari et al. (2013) for es-
timating M200 for all the structures. Interestingly, van der Burg et
al. (2016) found a value for β = 0.93 ± 0.16 in agreement (within
the error bars) with the expanded mass sample we have explored
here. Determining the exponent β is key for understanding in which
structures the UDGs are formed with higher efficiency. We discuss
the implication of our finding in the next section.
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Figure 6. The abundance of UDGs as a function of the velocity dispersion and halo mass of the structure where they are located. The data shown is a
compilation from the literature and our own work here. See text for further details.
7 DISCUSSION AND SUMMARY
In this paper, we have suggested an evolutionary scenario where
present-day UDGs are the result of the environmental transforma-
tion (mainly by gas stripping) of infalling low surface brightness
dwarf galaxies (of similar stellar mass and structural parameters)
into the gravitational potential of the groups and clusters. We want
to expand such discussion further and explore which kind of struc-
tures (groups or clusters) are more favorable for the formation of
UDGs. Initially, clusters were considered the natural place for find-
ing UDGs; however, there is increasing evidence (first noted by
Roma´n & Trujillo (2017) and recently by Merritt et al. (2016); see
also: Ordenes-Bricen˜o et al. (2016); Smith Castelli et al. (2016))
that UDGs are also found outside clusters. The existence of UDGs
in the field has also been motivated theoretically by Di Cintio et
al. (2017). As there is a tight correlation between the abundance of
UDGs and the mass of the host structures in which they are located
(van der Burg et al. 2016), it is worth exploring what can be learned
from this relation.
The relation between the abundance of UDGs and M200 is
characterized by a power-law with an exponent slightly lower than
1, i.e. β = 0.85 ± 0.05. If β were larger than 1, the UDGs would
be formed preferentially in clusters. Let us expand on this. Under
the assumption (see e.g. Buote 2002; Girardi & Biviano 2002) that
clusters were purely the result of merging of smaller sub-units (i.e.
groups of galaxies), the abundance of UDGs will be never larger
(i.e. β > 1) than the contribution of UDGs accreted through the in-
falling of groups to the cluster. Consequently, observations show-
ing that β > 1 would be a strong argument favouring the prefer-
ential (in-situ) formation of UDGs in clusters of galaxies. If β < 1,
however, the observational result is not straightforward to interpret.
Naively, one could understand that if β < 1 then UDGs form prefer-
entially in groups. As groups infall into clusters, one would expect
that some UDGs could be disrupted during the accretion process
and thus, β 6 1. β < 1 could be also expected if UDGs are more
easily destroyed in clusters than in groups over time6. For this rea-
son, if β < 1, we cannot firmly conclude that UDGs are form pref-
erentially in groups than in clusters. Nonetheless, the observational
result does not contradict this hypothesis.
Another interesting issue to explore is why the relation be-
tween the abundance of UDGs and σ is so tight (Pearson correla-
tion coefficient r = 0.964). This is not at all expected as the number
of UDGs in a given structure is a function of the depth of the sur-
vey used to detect these objects and the background and foreground
contamination. The limiting surface brightness of the different sur-
veys presented in Fig. 6 are: 29.2 mag arcsec−2 (3σ, 10×10 arcsec
in g band; Roma´n & Trujillo (2017)), 28.8-29.2 mag arcsec−2 (3σ,
10×10 arcsec in R band; Koda et al. (2015)), 28.9 mag arcsec−2 (3σ,
10×10 arcsec in i band; Mun˜oz et al. (2015)), 28.9 mag arcsec−2
(3σ, 10×10 arcsec in r band; van der Burg et al. (2016)). As can
be seen, all the surveys have a relatively similar surface brightness
limit. This is as expected due to technical limits of present-day tele-
scopes (see a discussion in Trujillo & Fliri (2016)). This could ex-
plain why the number of UDGs detected is similar among clusters
of similar masses for different groups. Another crucial issue is re-
lated to the expected contamination by foreground and background
interlopers. All the previous authors applied some particular recipe
for cleaning their number counts. The tightness of the correlation
indicates that the abundance of UDGs is somehow robust to the
different methodologies.
To conclude, our observations support a scenario where
present-day UDGs are old (>2 Gyr), extended, low surface bright-
ness (µ(g,0) > 24 mag arcsec−2) dwarf (M? ∼ 108 M) galaxies.
These galaxies would have been formed preferentially in the field
where they would be brighter (i.e., µ(g,0) < 24 mag arcsec−2 and
eluding the current criteria for selecting UDGs) and younger. Later
6 Note, however, that from the theoretical point view, the situation is the
opposite, groups are more effective at destroying dwarf galaxies than clus-
ters (see e.g. Mihos 2003).
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on they would be processed in groups (on scales of around 6 Gyr)
and, ultimately, infalled into galaxy clusters by groups accretion.
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